Objective-Tissue factor (TF) has, among other factors, a prominent role in acute coronary syndrome (ACS). Our goal was to investigate whether single nucleotide polymorphisms (SNP) in the TF gene (F3) are associated with plasma TF, risk, and outcome in patients with ACS. Moreover, we wanted to investigate the impact of associated TF SNPs on mRNA production in human monocytes.
ease in which a multitude of lifestyle and genetic factors contribute to the development and outcome of the disease. 1 The genetic component of ACS seems to be relatively high, because family history is a strong risk factor, and heritability studies have shown a large genetic contribution to cardiac disease. 2, 3 Single nucleotide polymorphisms (SNPs) are the most common genetic variations in the genome and may influence factors involved in atherosclerosis, plaque destabilization, and thrombosis, all of which are fundamental aspects of ACS etiology. 3 Variations in genes that encode for hemostatic factors are considered to be likely candidates for modifiers of the procoagulant phenotype, usually observed in patients with myocardial infarction (MI). 4 A procoagulant phenotype may have a substantial effect on ACS outcome, because a larger sized superimposed thrombus is directly related to the severity of myocardial ischemia. 5 A major player in this respect is tissue factor (TF), which rapidly initiates blood coagulation and is generally recognized as an important thrombogenic factor in atherosclerotic lesions. 6 TF is present as a membrane-bound molecule in different cell types in the vessel wall and within plaques, including endothelial cells, smooth muscle cells monocytes/macrophages, and foam cells. 7 Proteolytic cleavage of TF results in a soluble form of TF (plasma TF), which only contains the extracellular part of the protein and does not show significant procoagulant activity. 8 Moreover, the presence of an alternatively spliced form of TF has been reported recently. 9 Intravascular TF has also been identified in shed membrane microparticles, which are potentially procoagulant, both in normal physiological conditions and under various disease conditions. 10, 11 It was shown recently that TF-associated microparticles have the ability to stimulate to thrombin generation and promote thrombus growth in vivo. 12 Elevation of plasma TF has been observed in patients with MI and unstable angina but not in stable angina patients and healthy controls. 13 The aim of the present study was to identify SNPs in the TF gene that relate to ACS. For this purpose, we measured plasma TF and genotyped 13 TF (F3 gene) SNPs in a selected group of patients (725) with ACS [Fragmin and Fast Revascularization during Instability in Coronary Artery Disease II (FRISC-II) study] and in healthy controls (376) who were similar in age, gender, and geographic residence in Sweden. Plasma TF and SNPs were evaluated concerning death or death/MI within 6 and 24 months in the patient group and concerning differences between patients and controls. Additionally, the primarily associated SNPs were analyzed with respect to 6-and 24-month end points in the full patient group (3143 FRISC-II participants). Furthermore, TF mRNA and activity in relation to clinically associated SNPs were investigated in monocytes from 25 healthy donors.
Methods

Study Populations
The patients in the present study participated in the Scandinavian multicenter FRISC-II trial. 14, 15 The FRISC-II study was composed of 3143 patients included in Scandinavia from 1996 to 1998 and was designed both as an intervention and a medical trial, using a factorial design. Two different settings were used to address our study aims; setting 1 (nϭ725) consisted of all of the patients residing in the same geographic area of Sweden as the healthy control group (nϭ376). Setting 1 was, thus, a sample from the FRISC-II population with a geographic match to the healthy control group. Setting 2 addressed our aim to analyze prognosis in relation to the 2 SNPs with a weak but possible association with outcome in setting 1 (5466 AϾG and Ϫ1812 CϾT) and consisted of all of the patients in the FRISC-II trial (3143).
Patients in FRISC-II were eligible for inclusion if they had symptoms of myocardial ischemia associated with sinus tachycardia (ST) depression (Ն0.1 mV), T-wave inversion (Ն0.1 mV), or elevation of biochemical markers (creatine kinase myoglobin binding (MB) isoenzyme Ͼ6 mg/L or troponin T Ͼ0.1 mg/L). All of the patients received basic treatment with aspirin and Ն5 days with SC open-label dalteparin. If not contraindicated, patients were randomized within 72 hours from admission to invasive/noninvasive treatment and secondly to long-term dalteparin/placebo. Patients with contraindications to early revascularization or that were included after the official study closure were enrolled in the medical trial only, in which placebo or dalteparin treatment was administered for 90 days. The patients were followed regarding death and MI for 6 months in the medical study (3143) and for 24 months in the interventional study (2457). The details of the FRISC-II study design and patients have been described previously. 14, 15 The present study also included 376 healthy individuals similar in age and gender proportion. The subjects were free of self-reported illnesses and were only included if they tested normal for routine blood chemistry and electrocardiography. The healthy individuals were part of the Sweden Women and Men and Ischemic Heart Disease study. 16 Both studies were previously approved by the regional ethical review board of Uppsala.
Protein Quantification
Venous blood samples were drawn into citrate tubes at the time of randomization. Blood plasma was separated by centrifugation and stored at Ϫ70°C until analysis. Plasma TF was measured using an ELISA method (American Diagnostica). The procedures for the quantification of C-reactive protein, interleukin 6, and troponin T were published previously. 17 
SNP Selection and Genotyping
The SNPs included in the study were chosen from the Seattle SNP or dbSNP databases. 18, 19 For details on the selection please see http://atvb.ahajournals.org.
For genotyping the SNPs, we used the 12-plex GenomeLab SNPStream system (Beckman Coulter) or the homogeneous template-directed dye terminator assay with fluorescence polariza-tion detection for individual SNPs. 20, 21 Primer sequences are available from the authors on request. The quality of the genotype data was assessed by testing for Hardy-Weinberg equilibrium using the 2 distribution for each assay. All of the SNPs conferred to the Hardy-Weinberg equilibrium. The overall genotype call rate was 97%, and the accuracy was 99.96% according to duplicate analysis of on average 22% of the total genotypes (4745/21 720).
TF in Mononuclear Cells
Written consent was obtained from 26 male and 66 female healthy donors (aged 20 to 61 years) for subsequent donation of EDTA blood, extraction of DNA, and determination of Ϫ1812 CϾT and 5466 AϾG genotypes. When samples were genotyped, all of the individuals with the Ϫ1812 CC genotype and 5466 AA or AG genotypes were asked to donate heparin blood for isolation of peripheral blood mononuclear cells and subsequent measurement of TF mRNA and activity. 22, 23 Please see http://atvb.ahajournals.org for details.
Data Analysis
Genotype frequency differences between patients and controls were tested by using the 2 distribution. Multiple tests were corrected for by using 1000 rounds of permutation in Haploview 3.2. Plasma TF (normally distributed) was compared between different genotypes using ANOVA with Bonferroni correction. Odds ratios for cardiovascular events were estimated using the 2 distribution with Mantel-Haenszel common odds ratio statistics. Differences regarding TF mRNA or TF procoagulant activity (PCA) were tested using the Mann-Whitney U test. Individual haplotypes were reconstructed in PHASE 2.0, and linkage disequilibrium (LD) was assessed in Haploview 3.2. 24, 25 Statistics for all of the data were computed in SPSS for Windows 11.5. Exact P values Ͻ0.05 were considered significant.
Results
Setting 1 Patients and Healthy Controls: Risk and Outcome by SNPs and Plasma TF
Of 13 SNPs studied, neither showed association with ACS (Table I , available online at http://atvb.ahajournals.org). A weak association between the 5466 G allele and patients was observed when testing allele frequency differences without correcting for multiple tests (Pϭ0.03; corrected Pϭ0.21). We also observed a trend toward association between the 5466 G allele and death/MI at 6 months, which was considerably stronger if the patient was also homozygous for the Ϫ1812 C allele. None of the remaining SNPs were associated with outcome. The Ϫ1812 CϾT, 1323 AϾG, and 5122 CϾT were in complete LD ( D' ϭ1.0). Strong LD ( D' Ͼ0.7) with these variants was detected among all of the other genotyped SNPs.
Plasma TF was on average 47 pg/mL higher in patients compared with the healthy control group (PϽ0.001; Table 1 ) but were not related to gender, white blood cell count, C-reactive protein (CRP), interleukin 6 or troponin T. A comparison of plasma TF levels among all of the patients and controls revealed only 1 associated SNP; TF levels were lower among GA carriers (nϭ30; 2.7%) of the rare Ϫ2695 G/A SNP than among GG carriers (130 versus 168 pg/mL; corrected Pϭ0.01).
Elevated Levels of Plasma TF Were Not Related to Outcome
Levels of plasma TF were categorized into quartiles, and the rate of subsequent cardiac events, defined as death or MI within 6 or 24 months, was examined. There were no significant differences between the plasma TF quartiles concerning event rates (data not shown).
TF SNPs in Relation to Outcome
Setting 2 was an extension of the study in which we evaluated the possible association between the 5466 AϾG SNP and outcome in all of the FRISC-II participants. Although frequencies of the Ϫ1812 CϾT SNP were equal in the setting 1 patients and controls, it was genotyped also in setting 2, because this SNP is frequent, has been associated previously with TF levels, is in tight LD with several other SNPs across the TF gene, and showed a haplotype effect concerning outcome together with 5466 AϾG in setting 1. 26 The predefined end points investigated were death and death/MI within 6 or 24 months. The 5466 AG and GG genotypes were significantly associated with death within 24 months ( Table 2 ; Pϭ0.025). Event rates of death and death/MI were not significantly different between Ϫ1812 CϾT genotypes. To investigate the possible haplotype risk by Ϫ1812 CϾT and 5466 AϾG, haplotypes were reconstructed. Three allele combinations were possible: T-A (44%), C-A (50%), and C-G (6%). Comparison of event rates between haplotypes revealed a significant increase in event rates for patients carrying the C-A/C-G haplotypes and C-G/C-G haplotypes ( Table 3) . Risk estimation for patients carrying either of these combinations revealed an odds ratio of 3.10 (PϽ0.001) for death within 24 months and 1.6 (Pϭ0.025) for death/MI within 6 months ( Table 2 ).
Association of the 5466 A>G SNP with Monocytic TF mRNA Production and TF Procoagulant Activity
To follow up the clinical findings in ACS patients, we screened 92 healthy donors for the 5466 AϾG and Ϫ1812 CϾT SNPs. Isolation of mononuclear cells was performed at 0 and 6 months from the 14 donors who carried the Ϫ1812 CC and the 5466 AA genotype and from the 11 donors who carried the 5466 G allele (10 donors carried AG and 1 carried GG). The amount of normally spliced TF mRNA was measured in incubated controls and lipopolysaccharide (LPS)-induced cells. Alternatively spliced TF mRNA was measured in the LPS-induced samples at 0 months only.
Quantities of TF mRNAs were compared between the 5466 AA genotype and the 5466 AG or GG genotypes. The 5466 AG or GG genotype carriers had considerably lower expression of normally and alternatively spliced TF mRNA in both Outcome was evaluated in relation to 5466 AϾG and the C-G haplotype at 6 months for all FRISC-II participants (nϭ3143) and at 24 months for patients enrolled in the interventional trial (nϭ2197). Seven new cases of death occurred between 6 and 24 months among patients with the C-G haplotype. The major causes of death were found to be cardiac-related in both carriers and noncarriers of the C-G haplotype.
the incubated control and the LPS-induced samples (Figure) . These experiments were repeated 6 months later with the same result ( Table 4 ). The TF procoagulant activity, measured at 6 months only, was significantly lower in the incubated control of monocytes from 5466 AG carriers (Pϭ0.04). However, when cells were challenged with LPS for 4 hours, AA and AG genotypes displayed similar TF activities. The relative increase in TF activity of the 5466 AG genotype was, hence, twice that of the AA genotype.
Because both normally and alternatively spliced TF mRNA was lower among 5466 AG carriers, we investigated whether other splice variants were present in AG carriers. For experimental procedure please see http://atvb.ahajournals.org. No splice variants other than those described previously were found.
Discussion
We have characterized SNPs in the TF gene in relation to risk, outcome, and plasma TF in ACS. Our main finding was that the 5466 AϾG, positioned in intron 2 of the TF gene, is associated with cardiovascular death in patients with ACS. Haplotype analysis by Ϫ1812 CϾT and 5466 AϾG revealed the risk haplotype C-G, which increased the risk of cardiovascular death in patients with ACS by 3-fold.
TF is involved not only in the event of plaque rupture with subsequent tissue damage and after thrombosis but also in the conversion of stable plaques to unstable. 27, 28 Plaque destabilization by TF is likely mediated through several mechanisms, of which increased TF content in the atherosclerotic lipid core, 29, 30 thrombogenic potential of recruited microparticles, 10 and TF-FVIIa signaling promoting cell migration and neovascularization of the vessel intima 31-34 may be of certain importance. Of 13 SNPs analyzed, none of the SNPs correlated with patient control status. The study had 80% power to detect a 2-fold risk increase of SNPs with a genotype frequency Ͼ10% but was not powered enough to exclude a possible risk association for more rare SNPs, whereas a correlation with plasma TF levels could be adequately evaluated, even for uncommon variants.
We observed lower levels of plasma TF in individuals with the rare Ϫ2695 A allele. However, although plasma TF was elevated among patients, no association with outcome was observed. Therefore, the significance of the relationship between ACS and Ϫ2695 GϾA needs additional investigation. A possible explanation for the lack of association between plasma TF and outcome may be that both active and inactive forms of TF are recognized by this commonly used ELISA, which, therefore, does not adequately reflect thrombogenic potential or microparticle release. 11 This may also explain why no effect of aspirin or statins on plasma TF was observed. Furthermore, it has been proposed that the antibody used in similar ELISA systems is not entirely specific for TF antigen and may cross-react with other proteins. 35 The TF 5466 G allele was associated with death at 24 months. The C-G haplotype constructed by Ϫ1812 CϾT and 5466 AϾG conferred a highly increased risk of death and a moderately increased risk of death/MI at 6 months. The Ϫ1812 CϾT has been studied previously in a large group of patients and controls with ACS in France and the United Kingdom. Our data agree with this study, which reported that the Ϫ1812 CϾT by itself was not associated with ACS. 26 However, another study reported conflicting results. 36 Differences in population stratifications may be a possible explanation for the nonconcordant findings. Reny et al 37 studied TF Association of the 5466 AϾG SNP and normally and alternatively spliced TF mRNA in human monocytes. Median levels (25th to 75th percentile) and P values for AA and AGϩGG, respectively, were as follows: incubated control, normally spliced 2.9 (0.7 to 3.1) versus 0.3 (0.3 to 2.7), Pϭ0.034; LPS stimulated, normally spliced 9.7 (3.8 to 21.3) versus 0.8 (0.3 to 5.0), Pϭ0.002; LPS stimulated, alternatively spliced 2.0 (1.1 to 4.0) versus 0.1 (0.04 to 0.6), PϽ0.001. The clinical association with cardiovascular death and 5466 AϾG may be partly explained by our observations in vitro with LPS-stimulated monocytes from donors carrying either the 5466 A or G allele. The G allele was associated with a lower expression of TF mRNA in unstimulated and in LPS-induced samples, whereas the TF activity was lower in the unstimulated samples only. Current evidence suggests a pool of intracellular TF, which is transported to the membrane surface on cell activation. A recent publication described the intracellular and surface distribution of monocyte TF and demonstrated individual differences in TF internalization and membrane exposure. 38 In addition, a latent form of TF has been observed. 39 The relative increase of TF activity on LPS stimulation for 5466 AG was twice that of 5466 AA. Thus, the lower production of TF mRNA did not reflect the TF exposure on cell membranes in the LPSinduced situation, whereas mRNA and TF activity correlated well in unstimulated samples. A likely explanation for the low TF mRNA quantities observed in 5466 AG carriers is that monocytes from this group were more readily activated, with the consequence that TF activity and mRNA expression peaked earlier and even during leukocyte isolation. One may speculate that when challenged with LPS, monocytes from 5466 AG carriers were already "exhausted" because of priming effects, and, therefore, the TF mRNA production was blunted. Indeed, in whole blood compared with isolated leukocytes, previous reports have shown opposite effects in studies of the melatonin effects on LPS stimulation, oral contraceptive effects on TF expression, and aspirin effects on TF expression. 40 Thus, in the in vivo situation with monocytes in their normal environment, an early and high TF mRNA and antigen response in 5466 AG carriers may explain our clinical observations concerning this SNP.
T-A/T-A T-A/C-A C-A/C-A T-A/C-G C-A/C-G C-G/C-G
The incomplete penetrance of the 5466 AϾG and the C-G haplotype should also be commented on. Given the complex multifactorial nature of ACS, the impact on the disease by a single gene variation may not be very high, and both environmental and other genetic factors can contribute to or reduce the risk of death and MI in ACS. 41 The 5466 AϾG SNP was not well correlated with MI, which implies that other exogenous factors are more important than the 5466 AϾG SNP in this respect. Some important factors, which may also be cofactors to the risk of mortality conferred by 5466 AϾG, are other thrombogenic mechanisms, such as platelet activation with subsequent microparticle release and inflammation response on a coronary plaque rupture. Of those, platelet function may be of particular significance.
The mechanism by which the 5466 G allele influences mRNA production is yet to be determined. Possible explanations include a direct effect on transcription factor binding, the alteration of an unidentified silencer/enhancer region, or effects mediated by a functional SNP in tight LD with the 5466 AϾG. Considering the normal half-life of TF mRNA at Ϸ1.5 hours, the large differences in TF expression observed between genotypes in TF mRNA observed at 4 hours of incubation is unlikely because of changed mRNA stability. 42 Some limitations of this study should be acknowledged, such as the selection bias of a nonpopulation-based sample. Thus, the most severely ill patients may not have been included in the FRISC-II study. In this context, it is noteworthy that a relatively high frequency of the C-G haplotype was observed among the 92 young and healthy donors. Another limitation is the lack of statistic power for the more rare SNPs in this study, as those would have needed a very large effect on the studied traits for association. Reversely, the lack of association of the more rare SNPs in this study may be attributable to moderate effects on studied traits and low statistical power. We chose to investigate the 5466 AϾG and TF expression in isolated leukocytes to minimize background noise and to maximize TF expression levels. Testing the SNP and haplotype in whole blood, that is, the ex vivo situation, may result in a different TF expression. 40 In conclusion, the 5466 AϾG SNP was associated with cardiovascular death in ACS and, in combination with Ϫ1812 CϾT, a highly increased risk of death and death/MI. Furthermore, the 5466 AϾG SNP regulated the expression of TF mRNA in monocytes and conferred a high response of LPS-induced TF activity. These in vitro results may provide a theoretical basis for the clinical observations in our patients with ACS. Mononuclear isolations from healthy donors carrying either the 5466 AA or AG genotypes were repeated 6 months after the first (Figure 1 ) occasion. TF mRNA and procoagul antactivity were measured on intact monocytes.
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